The cold drawing of cast Cu 100Àx Zr x (x ¼ 3, 4 and 5 at%) alloys to the reduction ratio of 99.7% was found to cause simultaneous achievement of ultrahigh tensile strength of 1350 to 1800 MPa and high electrical conductivity of 30 to 45%IACS (International Annealed Copper Standard). The cold-drawn Cu 95 Zr 5 alloy wire has a well-developed fibrous structure of fcc-Cu and tetragonal Cu 9 Zr 2 phases. The volume ratio of the fcc-Cu phase was evaluated to be about 76%. A very high density of internal defects was observed inside the Cu 9 Zr 2 phase in the cold-drawn Cu 95 Zr 5 alloy. The microstructure data suggest that the Cu fibrous phase with high aspect ratios is the origin for the achievement of high electrical conductivity and the well-developed fibrous structure contributes to the high tensile strength. The success of synthesizing the Cu-Zr alloy wire with simultaneously high tensile strength and high electrical conductivity exceeding the best combination of all Cu-based alloys reported up to data is expected to be used as a new type of high-strength and high conductivity material because of some advantages of energy saving, low materials cost and simple production process.
Introduction
In the present human society where a great large amount of electric power has been consumed, it is very important to develop an advanced material having simultaneously high mechanical strength and high electrical conductivity. It is well known that Cu metal has high electrical conductivity in conjunction with low materials cost. On the other hand, the highest strength of Cu-based alloys has been reported to be 900 to 1500 MPa for Cu-Be base alloys subjected to an optimum age-hardening treatment 1, 2) and 600 to 1500 MPa for Cu-M (M ¼ Nb or Ag) alloy wires produced by heavy cold drawing, [3] [4] [5] [6] though disordered glassy alloys in Cu-based alloy system exhibit much higher tensile fracture strength of 2000 to 2500 MPa. [7] [8] [9] [10] On the other hand, the electrical conductivity is about 24 to 50%IACS for the age-hardened Cu-Be alloys 1, 2) and 50 to 90%IACS for the Cu-M alloy wires. [3] [4] [5] [6] Considering that the highest strength of crystalline metallic materials has been obtained for cold-rolled Fe-C alloy (piano wire) with a fibrous structure consisting of -Fe ferrite and Fe 3 C cementite carbide, 11, 12) it is expected that higher strength characteristics in Cu-based alloys are obtained in Cu-based alloys with the similar fibrous mixed structure. We looked for an optimum alloy system where a well-developed fibrous structure consisting of Cu and compound was formed by cold drawing. In the development of the fibrous structure alloys, we paid attention to the following three points; the volume fraction ratio of Cu to compound phase, the purity and continuity of Cu phase and the deformability of compound phase by cold drawing. Very recently, we have studied structure, mechanical properties and electrical conductivity for heavily cold-rolled Cu 100Àx Zr x (x ¼ 0{8) alloys. The results show that (1) the Cu 95 Zr 5 alloy cold-rolled to the reduction of 98% has the lamellar structure of the primary crystallized fcc-Cu and the eutectic phase (fccCu + Cu 9 Zr 2 ) along to the direction of cold rolling, (2) the Cu 94 Zr 6 alloy has the highest strength of 1200 MPa in the Cu 100Àx Z r alloys with x ¼ 0:5{6, (3) it has the 35%IACS. We have pointed out that their mechanical and electrical properties have a close relation to the formation of the lamellar structure by cold-rolling. 13) This paper presents the microstructure mechanical strength and electrical conductivity of Cu-Zr binary alloys subjected to cold drawing after casting and investigates the origin for the good characteristics.
Experimental Procedure
Binary alloy ingots with composition of Cu 100Àx Zr x (x ¼ 3, 4 and 5 at%) were prepared by arc melting the mixtures of pure 99.9 mass%Cu and 99 mass%Zr metals in an argon atmosphere, followed by casting into copper mold with a rod shape cavity of 3 mm in inner diameter. The cast alloy rods were cold drawn to 0.16 mm in diameter by tool steel dies without intermediate annealing treatment. The resulting reduction ratio in cross section is estimated to be 99.7%. The structure of the Cu-Zr alloys in as-cast and cold-drawn states was examined by X-ray diffraction, optical microscopy and transmission electron microscopy (TEM). The TEM observation was made by using a transmission electron microscope (JEOL-200EX-II) linked with an energy dispersive X-ray scattering analytical equipment. The optical micrograph (OM) structure was observed after etching for 30 s at 298 K in a mixture of ammonium hydroxide (3.5 cc), hydrogen oxide (30%; 1.5 cc) and distilled water (5 cc). Electrical conductivity measurement was made by the fourprobe technique and international annealed copper standard sample with a resistivity of 1.7241 mcm was used as the reference material of electrical conductivity. Mechanical properties (ultimate tensile strength, 0.2% proof strength and elongation) were measured at a strain rate of 4:2 Â 10 À4 s
À1
with an Instron type tensile testing machine at room temperature. These measurements were carried out three times for each sample of the cold drawn Cu 100Àx Zr x (x ¼ 3, 4 and 5 at%) alloy wires. The fracture behavior was examined by scanning electron microscopy (SEM). Vickers hardness was measured with a micro Vickers hardness tester (load: 25 g). Figure 1 shows X-ray diffraction pattern and optical photograph of the transverse cross section of a central part of the as-cast Cu 95 Zr 5 alloy rod with a diameter of 3 mm produced by copper mold casting. The X-ray diffraction pattern can be identified as two phases of fcc-Cu and tetragonal Cu 9 Zr 2 14) phases. The optical micrograph reveals that the fcc-Cu phase solidified as a primary dendrite phase from supercooled liquid, followed by the solidification to a eutectic structure from the remaining liquid. Table 1 shows compositions of white part and black one in optical micrograph of Fig. 1 measured by Electron Probe Micro-Analyzer (EPMA) at 20 kV. As shown in Table 1 , the white part is the fcc-Cu phase containing 0.1 at% Zr and the black part is considered to be the eutectic structure which consist of fccCu and Cu 9 Zr 2 phases based on the results of X-ray diffraction. These results are consistent with that in equilibrium phase diagram 15) in which Cu 95 Zr 5 alloy consists of fcc-Cu and tetragonal Cu 9 Zr 2 phases at room temperature. The similar mixed structure is obtained for binary Cu 97 Zr 3 and Cu 96 Zr 4 alloys. The volume fraction of the fcc-Cu phase for the Cu 100Àx Zr x (3, 4 and 5 at%) alloy rods is evaluated to be about 83%, 80% and 76%, respectively, in agreement with those expected from the equilibrium phase diagram. We also tried to clarify the transverse cross sectional structure of the Cu 95 Zr 5 alloy subjected to cold drawing to 99.7% reduction in cross section by optical microscopy. However, both the fcc-Cu dendrite and eutectic phases were too fine to identify their microstructure. Figure 2 shows nominal tensile stressstrain curves of the cold drawn Cu 100Àx Zr x (x ¼ 3, 4 and 5 at%) alloy wires. It is characterized that these alloys have significant strain hardening in conjunction with distinct elongation of about 2.4%. Figure 3 shows SEM fractographs of fracture morphology (a) and fracture surface (b) of the cold drawn Cu 95 Zr 5 alloy wire after tensile test. Neither distinct yield point phenomenon nor reduction in cross section before fracture is recognized. The SEM fractograph in Fig. 3(a) shows that the tensile fracture takes place along the maximum shear stress plane which is declined by about 45 degrees to the direction of tensile applied load. As seen in SEM fractograph in Fig. 3(b) , the fracture surface consists of a well-developed vein pattern over the whole fracture surface. These vein patterns are observed in SEM fractographs of the cold worked Cu-Ti alloy with ductile mode. 16) It is also observed that the vein pattern is elongated to the shear sliding direction. It is noted that the features of deformation and fracture modes agree with those of amorphous, 17) glassy, 18) nanocrystalline 19) and nanoquasicrystalline 20) alloys. Figure 4 shows the ultimate tensile strength ( UTS ), 0.2% proof strength ( 0:2 ), Young's modulus (E) and elongation () as a function of Zr content for the cold drawn Cu 100Àx Zr x (x ¼ 3, 4 and 5 at%) alloy wires. As the Zr content increases, the yield strength and ultimate tensile strength increase gradually from 1008 AE 43 MPa and 1366 AE 4 MPa, respectively, at 3%Zr to 1007 AE 33 and 1468 AE 7 MPa, respectively, at 4%Zr and rapidly to 1205 AE 52 MPa and 1798 AE 5 MPa, respectively, at 5%Zr. On the other hand, the Young's modulus decreases significantly from 87 AE 5 GPa at 3%Zr to 70 AE 4 GPa at 5%Zr and the elongation shows a nearly constant value of about 2:4 AE 0:2%. Thus, the cold drawn Cu 95 Zr 5 alloy wire exhibits very high values of 1205 AE 52 MPa for 0.2% proof strength and 1798 AE 5 MPa for ultimate tensile strength in conjunction with the distinct elongation of 2:2 AE 0:4%. It is noticed that the ultimate tensile strength value is much higher than the highest ultimate tensile strength values (600 to 1500 MPa) for conventional crystalline Cu-Be base alloys 1, 2) and heavily cold-drawn Cu-M (M ¼ Nb or Ag) alloys 2, 3) in the absence of significant difference in elongation. The Vickers hardness (Hv) for Cu 95 Zr 5 alloy wire is obtained to be 280 at room temperature from the measurement by micro Vickers hardness tester.
Results and Discussion
With the aim of clarifying the reason for the high tensile strength, the cold-drawn structure was examined by the high resolution TEM technique. As shown for the cold drawn Cu 95 Zr 5 alloy wire with a reduction ratio of 99.7% in Figs. 5(a), (b), (c) and (d), the alloy wire has a well-developed fibrous structure of fcc-Cu and tetragonal Cu 9 Zr 2 phases. In Fig. 5(a) , the width of the constituent phases are measured to be about 90 nm for the Cu phase and about 70 nm for the Cu 9 Zr 2 phase, respectively. As shown in Figs. 5(b), (c) and (d), high density of dislocations as well as numerous internal defects are seen in the fcc-Cu and Cu 9 Zr 2 phases. The existence of such a high density of internal defects in the fccCu and Cu 9 Zr 2 phase indicates clearly that both phases subjected to significant plastic deformation by the cold drawing treatment. The distinct development of the fibrous duplex structure caused by the large deformability of the dendritic fcc-Cu and the eutectic structure (Cu + Cu 9 Zr 2 ) may be the origin for the achievement of the high tensile strength. It is expected that the well-developed fibrous structure consisting mainly of fcc-Cu phase for the Cu-Zr alloys causes high electrical conductivity. The electrical conductivity of the three cold-drawn alloys was measured to be 42%IACS at 3%Zr, 36%IACS at 4%Zr and 31%IACS at 5%Zr at 298 K. Figure 6 shows the relationship between ultimate tensile strength and electrical conductivity for the cold drawn Cu 100Àx Zr x (x ¼ 3, 4 and 5 at%) alloy wires. Table 2 shows the values of UTS , Hv and %IACS for the cold-rolled Cu-Zr binary alloys (plates) and cold-drawn ones (wires). As seen in the table, the values of UTS for the wires are much larger than those for the plates, while the values of %IACS of the wires are almost same to those of the plates. The high tensile strength of the wires is considered to be caused by formation of fibrous duplex structure as mentioned above. In comparison with those for conventional Cu-based alloys, it is noticed that the present Cu-Zr binary alloy wires have much better combination of higher ultimate tensile strength and high electrical conductivity values. 6) 
Summary
In conclusion, we have noticed that ultrahigh tensile strength of 1350 to 1800 MPa and high electrical conductivity of 30 to 45%IACS are simultaneously obtained for the Cu 100Àx Zr x (x ¼ 3, 4 and 5 at%) alloys subjected to copper mold casting, followed by cold drawing to 99.7% reduction in cross section. The combination of strength and electrical conductivity exceeds the best combination values of Cu-Be and Cu-M (M ¼ Nb or Ag) alloys reported up to date. The cold-drawn Cu 95 Zr 5 alloy wire has a fibrous mixed structure of fcc-Cu and Cu 9 Zr 2 phases. The unique fibrous structure developed in the cold-drawn Cu-Zr alloy wires may be the origin for the simultaneous achievements of high tensile strength and high electrical conductivity which are expected to cause practical uses as a new type of high strength and high electrical conductivity materials. 
